A method for determination of ultratrace amounts (ppq levels) of ruthenium(III) was developed using a copper(II)-phthalocyanine-3,4′,4″,4′′′-tetrasulfonic sodium salt (Cu-PTS) as an indicator in a potassium bromate autocatalytic reaction system. A satisfactory calibration curve of ruthenium(III) ion was obtained by the time measurement in the concentration range of 1 × 10 -13 M to 5 × 10 -12 M with the relative standard deviation (RSD) of 2.8% (n = 5). The determination limits (3σ) were 3.30 × 10 -14 M (3.34 ppq).
Introduction
The autocatalytic reaction is one of the chemical amplification reactions in which catalysts are exponentially produced from a substance used as an indicator. This reaction process has a unique characteristic that it proceeds actively after passage of a constant induction time. The compound that acts as a reaction initiator, called the trigger, can be determined by this reaction. Spectrophotometric determination of the trigger is able to be carried out by measuring the time until the end point in the reaction, therefore, it is not the usual method where results are due to an increase or decrease in the absorbance.
The autocatalytic reaction has an infinite sensitivity in kinetic theory according to a model calculation described in a previous paper. 1 With this reaction system, it is possible to determine a 10 -30 M trigger. In practice, however, such an analytical method has not yet been realized. The most important problem is leakage of the catalyst which occurs by oxidizing of the indicator.
For example, the cobalt(III)-bis[2-(5-bromo-2-pyridylazo)-5-(N-propyl-N-sulfopropylamino)phenolate] complex (Co(III)-5-Br-PAPS) was used as an indicator in the autocatalytic reaction. 2 In this reaction, Co(III)-5-Br-PAPS was decomposed by oxidizing with peroxomonosulfate salt and the produced cobalt(II) ion acted as a trigger. However, during this experiment, the decrease in the absorbance with precipitous fading was observed after passage of a constant induced time, in spite of the absence of the trigger as a blank reaction. In this reaction, the leakage of cobalt(II) ion from the indicator compound (Co(III)-5-Br-PAPS) is caused by the oxidizing decomposition with the peroxomonosulfate salt.
On the other hand, the sodium sulfite/hydrogen peroxide system was reported as an autocatalytic reaction system. 3 This is a simple method of utilizing the change in pH with the passage of time. Moreover, it is possible to determine trace amounts of horseradish peroxidase, which is utilized as an immuno label (trigger) in the enzyme immunoassay. However, in this system, the sulfite ion as an indicator is easily oxidized due to its instability, therefore, this reaction proceeds without a trigger.
As the two examples described above show, the blocking or masking of the catalyst that leaked from the indicator is one of the most important subjects for the development of an analytical method for trigger substances using the autocatalytic reaction system.
In this study, the copper(II)-phthalocyanine-3,4′,4″,4′′′-tetrasulfonic sodium salt (Cu-PTS)/citrate/potassium bromate autocatalytic reaction system using ruthenium(III) as a trigger was investigated. Cu-PTS was used this complex is inactive and is very stable for acid dissociation. Moreover, this complex is considered likely to become more stable, because the citrate coordinates to the vertical axial direction of the complex. However, Cu-PTS was easily decomposed by oxidizing with potassium bromate.
In this reaction, ruthenium(III) and copper(II) ions produced by the decomposition from Cu-PTS act together as a catalyst during this oxidative decomposition. Therefore, the absorption-time curve was significantly changed with fading from blue to colorless after the passage of a constant induction time. In this reaction system, the effect of citrate that can mask the activation of the copper(II) ions leaked from Cu-PTS was determined. In the case of the citrate presence, the variation in the absorbance-time curve during the reaction's initial stage was slight. By measuring the time from the reaction beginning until zero absorbance, it is possible to determine the ruthenium(III) which acts as a trigger.
In this paper, the determination of ruthenium(III) ion by the delayed autocatalytic reaction with citrate will be described in detail.
Experimental

Reagents
The copper(II)-phthalocyanine-3,4′,4″,4′′′-tetrasulfonic sodium salt (Cu-PTS) was obtained from Aldrich (Milwaukee, USA).
The structure of Cu-PTS is shown in Fig. 1 . The ruthenium standard solution for atomic absorption spectrometry was from Acros Organics (New Jersey, USA). Trisodium citrate, potassium bromate, sulfuric acid (purity > 96%) and ultrapure water used as the actual samples were provided by Kanto Chemicals (Tokyo, Japan). The other reagents were of analytical grade. Metal-free phthalocyanine tetrasulfonic acid (PTS) was synthesized and purified following Fukada's method. 4 
Preparation of ruthenium sample solution
The ruthenium standard solution (1000 mg/l) for atomic absorption spectrometry was diluted with a dilute sulfuric acid solution. The diluted concentrations at 10 -7 M and the detected ruthenium one were determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES). The results very closely agreed. This solution was further diluted to 4 × 10 -9 M with dilute sulfuric acid, and the total concentration of sulfuric acid was prepared at 10 -4 M and conserved. All the ruthenium sample solutions were prepared from this storage solution. They were diluted by dilute sulfuric acid and the total concentration of sulfuric acid was prepared at 0.1 M for all the sample solutions.
Apparatus
The ultraviolet-visible absorption spectra were measured using a Hitachi double beam 200-02 (Hitachi Co.). A CTE-42A (Yamato Co.) was used for the thermostat. The ICAP 575 (Nippon Jarrell-Ash Co.) was used for the ICP-AES.
Procedure
Zero point five milliliter of 4 × 10 -5 M Cu-PTS solution, 0.5 ml of the sample solution containing ruthenium, 0.5 ml of 50 mM trisodium citrate solution, and 0.5 ml of 0.1 M potassium bromate were placed in a 1 cm quartz cell in this order. This cell solution was immediately mixed and placed in the spectrophotometer. The change in the absorbance at 630 nm was measured vs. time. The concentration of ruthenium(III) was determined using the calibration curve obtained from the concentration-time curve which was measured vs. time from the reaction beginning until the time of zero absorbance.
Results and Discussion
Reaction (1): Cu-PTS/KBrO3 autocatalytic reaction system
The reaction scheme of Cu-PTS/KBrO3 autocatalytic reaction system is shown in Fig. 1 . The oxidative decomposition of Cu-PTS with potassium bromate is catalyzed by the ruthenium(III) ion. Moreover, since the copper(II) ion, which is produced as the decomposition products of Cu-PTS, acts as also a catalyst, the amount of catalyst is continuously increased. As a result, the reaction solution faded from blue to colorless after the passage of a constant induced time. The absorption spectral changes at every 50 s from the reaction start are shown in Fig.  2 . In this figure, due to the decrease in the absorbance up to 150 s, the subsequent discoloration rapidly occurred. The dashed lines in Fig. 3 indicate the absorption-time curve of reaction (1) . In this case, though it had become feasible to determine 10 -9 M levels of ruthenium(III), it was impossible to determine less than 10 -9 M by measuring the time from the reaction beginning until the end.
Reaction (2): Cu-PTS/citrate/KBrO3 autocatalytic reaction system
When more citrate (Ci) is added to reaction (1), copper(II) ions, which leaked from Cu-PTS, are masked. When the concentration of copper(II) ion increased with time, the absorbance decreased because the copper(II) ion exponentially increases over the threshold of the masking capacity of the citrate. The solid lines in Fig. 3 indicate the absorption-time curve of reaction (2) . In this case, it is possible to determine the 10 -13 M levels of ruthenium(III) ion. It is an approximately 10000 times increase in sensitivity compared with that in the absence of citrate. Citrate ion (H3Ci -) forms a stable complex with copper(II) ions in aqueous solution. The stability constant of complex (H3CiCu + ) is 10 12 M -1 , 5 and this is a very high value for the 1:1 complex. Therefore, we postulate that the citrate acts as a masking agent for the copper(II) ion which is released by the oxidizing decomposition of Cu-PTS in the reaction (2) .
Effect of citrate concentration
When the concentration of citrate increased, the induction time was further extended.
For this reason, when the concentration of citrate was increased, the time until the reaction passes over the masking threshold is prolonged due to the rise in the masking efficiency for the copper(II) ion which leaked out.
Effect of sulfuric acid concentration
The proposed reaction system possibly occurs only under strong acid conditions, therefore, the effect of the sulfuric acid concentration was examined at various pH values. When the total concentration of sulfuric acid was increased in the range of 20 mM to 35 mM, the induction time was significantly reduced. The 25 mM value was selected as the total concentration by considering not only the length of the induction times, but also the difference in the respective reaction between the blank solution and the sample solution containing the ruthenium(III) ion.
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Effect of temperature
The effect of temperature was examined in the range from 20 to 40˚C. When the temperature increased, the induction time until the end point of the reaction was shortened. Based on this reason, an increased decomposition rate of Cu-PTS was considered. The 20˚C value was selected as the reaction temperature.
Reaction (3): PTS/KBrO3 autocatalytic reaction system
Instead of Cu-PTS, metal-free PTS was synthesized and used as an indicator. The sigmoidal curve as a characteristic of the autocatalytic reaction was not observed regardless of the presence of the ruthenium(III). In other words, it was proved that the copper(II) ion, which is the central metal ion of Cu-PTS, acts as a useful catalyst for the autocatalytic reactions (1) and (2) .
Calibration curve
The calibration curve is shown in Fig. 4 . The relationship of the ruthenium(III) ion concentration (x, M) and the induction time (y, s) becomes a negative logarithmic proportion. The equation of the straight line was the following one: y = -94.588 ln(x) + 1328, and the correlation coefficient was r = 0.9911. The determination range of the ruthenium(III) ion was 1 × 10 -13 to 5 × 10 -12 M. Moreover, the determination limits (3σ) were 3.30 × 10 -14 M (3.34 ppq), and the RSD was 2.8% (n = 5) at the central value of the calibration curve.
Comparison with other method
Detection limits of other previous methods (i.e. spectrophotometric analysis, 6 atomic absorption spectrometry, 7 fluorophotometric analysis, 8 ICP-MS 9,10 ) were above several ppt levels. The proposed method has higher sensitivity than these analyses.
Influence of foreign substances
The tolerance limits were established such that the coefficient of the induced time in the absence of foreign substances was within ±5%. Thus, Na(I), K(I), Ca(II) Mg(II) and carbonate, were allowed at above 1000 times. Fe(III) ion was allowed at 100 times. Moreover, the coexistence of platinum group elements such as osmium(IV), rhodium(III), iridium(III), platinum(II) and palladium(II), was allowed at 5 -10 times for the amount of the ruthenium ([Ru(III)] = 100 ppq).
Ultratrace amounts of ruthenium(III) in ultrapure water
Determination of ruthenium(III) in the ultrapure water was carried out. The sample solution containing ruthenium(III) was prepared by mixing 1 ml of 1 × 10 -12 M ruthenium(III) solution and 1 ml of ultrapure water, and the proposed procedure was applied to it. The determined concentration of ruthenium(III) was the 0.988 × 10 -12 M (the concentration was 1 × 10 -12 M), and the recovery was 98.8%. Moreover, the RSD was 3.96% (n = 5).
Conclusion
This method made it possible to determine ultratrace amounts of ruthenium(III) ion as a trigger by measuring the absorbance and the reaction time. The concept of this delayed autocatalytic reaction with citric acid would allow the design of a simple and a highly sensitive analytical method in the high-purified analytical targets such as semiconductor samples. 
